Introduction {#Sec1}
============

Alternative splicing (AS) drives proteome diversity and affords a significant evolutionary advantage by generating multiple different mRNAs and downstream proteins from a single gene through the inclusion or exclusion of specific exons \[[@CR1], [@CR2]\]. AS is often regulated at the tissue level, whereas it can be aberrantly regulated by cancer cells to their advantage \[[@CR3]\]. The splicing pattern of numerous genes is altered as cells move through the oncogenic process of gaining proliferative, antiapoptotic, invasive, metastatic, and angiogenic properties, becoming free from growth factor dependence and growth suppression, altering their metabolism and acquiring mechanisms of immune escape \[[@CR4], [@CR5]\]. AS elicits control over the major hallmarks of cancer toward more aggressive invasive cancer phenotypes. This process is generally regulated by splicing factors, which are dysregulated in cancer and might contribute to positive feedback loops that drive cancer progression \[[@CR6], [@CR7]\]. Considering that a relatively small number of splicing factors drive multiple oncogenic processes, understanding how splicing factors are regulated could lead to the development of a new class of anticancer therapeutics \[[@CR8]\].

Cervical cancer (CC) is one of the leading causes of cancer death among women, especially in developing countries \[[@CR9], [@CR10]\]. Repeated and persistent high-risk HPV infection are considered the major etiologic contributor, with HPV DNA identified in \~ 95% of malignant cervical lesions \[[@CR11]\]. Multiple molecular studies indicate that HPV-mediated CC is mainly owing to the oncogenic activities of the viral early proteins E6 and E7 \[[@CR12]\]. E6 induces the degradation of p53 via the ubiquitin pathway \[[@CR13]\], whereas E7 associates with the retinoblastoma family of proteins (pRb, p107, and p130) and disrupts their association with the E2F family of transcription factors \[[@CR14]\]. P53 and E2Fs in turn activate the transcription of a group of genes and thus contribute to tumorigenesis.

Based on the above theory, splicing factors act as floodgates in oncogenic processes, and E6E7 are prerequisites for CC. However, do E6 and E7 regulate the expression of splicing factors? Does AS act as a "co-conspirator" of E6E7 in CC development? In this study, we aimed to investigate the relationship among E6E7, aberrant AS and CC. We found that E6E7 regulated the expression of splicing factors in CC, especially SRSF10. SRSF10 was increased via transcriptional activation of the E6E7-E2F1 axis and promoted tumorigenesis in cervix. MIL1RAP, a membrane isoform of IL1RAP, was splicing-regulated by SRSF10 and involved in the oncogenic effect of SRSF10. SRSF10-mIL1RAP upregulated the expression of CD47 to inhibit macrophage phagocytosis by promoting IL1-β-induced nuclear factor-κB (NF-κB) activation. These findings provide new insights into the connections among HPV infection, aberrant AS and oncogenesis in cervix.

Results {#Sec2}
=======

HR-HPV viral oncoproteins E6 and E7 regulate the expression of splicing factors {#Sec3}
-------------------------------------------------------------------------------

We first investigated whether E6E7 could regulate the expression of splicing factors in CC. To achieve this goal, we used siRNAs targeted against E6E7 and performed a microarray analysis using total RNA prepared from siE6E7 and control cells to identify differentially expressed genes (Fig. [1a](#Fig1){ref-type="fig"}) \[[@CR15]\]. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and the Database for Annotation, Visualization and Integrated Discovery (DAVID) enrichment analyses revealed that these genes were significantly associated with spliceosome or AS processes, which suggested that E6E7 could regulate the expression of splicing factors in CC cells (Fig. [1b-d](#Fig1){ref-type="fig"} and Supplementary Table [S1](#MOESM2){ref-type="media"}). Furthermore, real-time-polymerase chain reaction (RT-PCR) was performed to validate the differentially expressed core splicing factors in both E6E7 knockdown cell lines (Fig. [1e, f](#Fig1){ref-type="fig"}) \[[@CR16]\]. As shown in Fig. [1f](#Fig1){ref-type="fig"}, the most significantly downregulated gene was SRSF10 with more than a twofold decrease after E6E7 knockdown. Altogether, these results suggest that the viral oncoproteins E6E7 can regulate the expression of splicing factors in CC, especially SRSF10.Fig. 1E6 and E7 regulate the expression of splicing factors in CC cells. **a** Summary of microarray analyses. In all, microarray analyses were performed in Caski and Ms751 cells transiently transfected with either siE6E7 or control siRNA to screen the differentially expressed genes. A total of 1535 genes were identified after overlap in Caski and Ms751 cells. **b** Top significant pathways for overlapped differentially expressed genes in E6E7-knockdown cells analyzed by KEGG pathway enrichment analysis. Spliceosome ranked fourth. **c** Top significant pathways for overlapped differentially expressed genes in E6E7-knockdown cells analyzed by DAVID enrichment analysis. Alternative splicing is the second pathway affected by E6E7 knockdown. **d** The heatmap of differentially expressed genes in AS pathway in Caski and Ms751 groups. **e** The schematic diagram of differentially expressed core splicing factors. In all, 19 genes were identified by overlapping differentially expressed genes related to AS pathway in microarray and core splicing factors in Ref. \[[@CR16]\]. **f** Validation of the microarray results by RT-PCR of the 19 core splicing factors in Ms751 and SiHa cells. The expression of HNRPDL is undetectable. The experiments were repeated three times, and the results are shown as mean ± s.d. \**P \< *0.05; \*\**P \< *0.01; \*\*\**P \< *0.001 (Student's *t*-test)

Upregulation of SRSF10 is implicated in the carcinogenesis of human HPV 16/18-positive CC {#Sec4}
-----------------------------------------------------------------------------------------

As SRSF10 is regulated by E6E7, we next assessed the role of SRSF10 in the carcinogenesis of CC. To prove this point, we first analyzed the mRNA levels of SRSF10 in human CC tissues using published data sets from Oncomine and the Gene Expression Omnibus database (GEO) \[[@CR17]--[@CR20]\]. *In silico* analysis of four independent data sets demonstrated that SRSF10 was upregulated in CC tissues compared with normal tissues (Fig. [2a](#Fig2){ref-type="fig"} and Supplementary Fig. [S1a--c](#MOESM3){ref-type="media"}). Interestingly, SRSF10 expression was much higher in HPV16/18-positive CCs than in HPV-negative ones (Fig. [2b](#Fig2){ref-type="fig"} and Supplementary Fig. [S1d](#MOESM3){ref-type="media"}). More importantly, the expression levels of SRSF10 gradually increased with the malignant transformation from normal cervical epithelia to cervical intraepithelial neoplasias (CINs) to CCs (Fig. [2c](#Fig2){ref-type="fig"}). For more evidence, we next examined protein levels of SRSF10 in a CC tissue array by IHC. Consistent with the mRNA level, the protein level of SRSF10 also increased from normal cervical tissues to CINs and further to CCs in a sequential manner. Together, these observations suggest that upregulation of SRSF10 might have a role in the progression of HPV16/18-positive CC.Fig. 2The upregulated expression of SRSF10 is associated with progression of CC. **a** Analyses of SRSF10 mRNA levels in normal cervical tissues (*n* = 24) and CC (*n* = 33) in GSE9750 data set. **b** Point diagrams comparing SRSF10 mRNA levels in HPV-negative CCs (*n* = 9), HPV 16-positive CCs (*n* = 94) and HPV 18-positive CCs (*n* = 17) in TCGA. **c** Analyses of SRSF10 mRNA levels in normal cervical tissues(*n* = 10), CINs (*n* = 7) and CC (*n* = 21) in GSE7803 data set. **d** Representative photographs of the SRSF10 immunoreactivity in normal tissue, CIN and CCs in TMA (scale bar: 200 μm). **e** The constituent ratio of SRSF10 expression assessed by blinded IHC analyses in normal tissues(*n* = 15), CINs (*n* = 51) and CCs (*n* = 95). **f** Ms751 cells were infected with either retrovirus expressing SRSF10-knockdown shRNA (shSRSF10) or control vector (Control shRNA) and selected for puromycin resistance. Stable Ms751 cells were injected into nude mice, which were randomly divided into two groups (*n* = 6). Mice were killed at 5 weeks after injection. Tumors were excised from the mice and weighed (scale bar: 1 cm). **g** Tumor weight. Results are shown as mean ± s.d. of the tumor weight. **h** Time-course of xenograft growth. The tumor volumes of mice described in **f** were measured every week. Each point represents the mean ± s.d. of the tumors. \**P \< *0.05; \*\**P \< *0.01; \*\*\**P \< *0.001 (Student's *t*-test)

We further investigated the role of SRSF10 in CC in a xenograft mouse model. Ms751 and SiHa cells stably expressing SRSF10 shRNA were injected into the flanks of 4-week-old nude mice. Knockdown of SRSF10 significantly decreased the tumor growth rate and tumor weight (Fig. [2f--h](#Fig2){ref-type="fig"} and Supplementary Fig. [S2a--c](#MOESM4){ref-type="media"}). Overall, these data demonstrate the cancer-promoting function of SRSF10 in HPV16/18-positive CC.

The expression of SRSF10 is regulated by the transcription factor E2F1 in HPV16/18-positive CC {#Sec5}
----------------------------------------------------------------------------------------------

The mechanism by which E6E7 upregulates the expression of SRSF10 is currently unknown. The main induction of HPV-related CC are E6 resulting in proteolysis of p53 and E7 inactivating Rb followed by an increase in E2Fs \[[@CR13], [@CR14]\]. Therefore, we reasonably hypothesized that E6E7 might regulate the expression of SRSF10 through the transcription factors p53 or E2Fs. We first used the websites JASPAR (<http://jaspar.genereg.net/>) and PROMO (<http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3>) for a primary prediction. Both websites showed E2F1-binding elements in the SRSF10 promoter. However, there were no uniform p53 binding elements in the SRSF10 promoter. Thus, we focused on E2F1 for further verification. We designed 10 primer sets covering the individual SRSF10 binding motifs for PCR after chromatin immunoprecipitation (ChIP) to confirm the binding of E2F1 to the SRSF10 promoter (Fig. [3a](#Fig3){ref-type="fig"}). As shown in Fig. [3b](#Fig3){ref-type="fig"}, E2F1-binding was detected at the SRSF10 promoter sites 5 and 9 in both Ms751 and SiHa cells. To provide additional evidence, we cloned the intact SRSF10 promoter into luciferase constructs. When introduced into Ms751 and SiHa cells, the constructs with an intact SRSF10 promoter showed increased luciferase activity, suggesting a direct transcriptional modulation of E2F1 over the SRSF10 promoter (Fig. [3d, e](#Fig3){ref-type="fig"}). In addition, reporter assays revealed that mutations of predicted binding site 5 or 9 abrogated responsiveness to E2F1 in Ms751 and SiHa cells, demonstrating the specificity of −362, −543, and −1688-bp regions as the E2F1-binding site in the SRSF10 promoter (Fig. [3c--e](#Fig3){ref-type="fig"}).Fig. 3SRSF10 is the direct target of E2F1 in HPV16/18-positive CC. **a** Sketch map of primers for SRSF10 promoter sequences. Ten primer sets with a 300-bp partition were designed for PCR to test the direct binding of E2F1 to the SRSF10 promoter and the primer pairs produced 10 fragments of 300 bp. **b** The chromatin DNA of Ms751 and SiHa cells was chromatinimmunoprecipitated (ChIP) with HA antibody. Sonicated input DNA and IgG were used as control. Amplification of the SRSF10 promoter sequence from ChIP DNA validated the binding of E2F1 to SRSF10 promoter site 5 and 9. **c** Diagram of SRSF10 mutant plasmids. **d**, **e** Verification of SRSF10 as an E2F1 target via luciferase reporter assays. Constructs with an intact SRSF10 promoter resulted in enhanced luciferase activities in E2F1-expressing Ms751 and SiHa cells, whereas those carrying either mutant site 5 or 9 resulted in strongly repressed luciferase activities. **f** Western blots for E2F1 and SRSF10 in Ms751 and SiHa cells transiently transfected with either E2F1-knockdown siRNAs (siE2F1-1, siE2F1-2) or control siRNA. GAPDH was used as a loading control. E2F1 knockdown decreased the expression of SRSF10 in both cells. **g--j** There was a positive correlation between the expression levels of E2F1 and SRSF10 in four independent CC data sets as described in Fig. [2](#Fig2){ref-type="fig"} and Supplementary Fig. [S2](#MOESM4){ref-type="media"}. The ordinate of Figs. 3g, h represented the log2 median-centered intensity. The relationships between these two variables were determined by Pearson's correlation coefficients. \**P \< *0.05; \*\**P \< *0.01; \*\*\**P \< *0.001

Next, we examined the regulatory capacity of E2F1 on SRSF10 expression by siRNA targeted against E2F1. As shown in Fig. [3f](#Fig3){ref-type="fig"}, E2F1 knockdown significantly downregulated the expression of SRSF10 in both CC cells. Further analysis of the clinical human CC data sets revealed a consistent positive correlation between E2F1 and SRSF10 expression (Fig. [3g--j](#Fig3){ref-type="fig"}). Collectively, these results indicate that E6E7 upregulates the expression of SRSF10 via E2F1 transcriptional activation in HPV16/18-positive CC.

SRSF10 promotes the production of mIL1RAP via regulating the AS of IL1RAP exon 13 {#Sec6}
---------------------------------------------------------------------------------

Considering that SRSF10 acts as a critical splicing regulator, we logically asked whether SRSF10 executed its oncogenetic effects by regulating AS in CC. To test this hypothesis, we first analyzed SRSF10-related AS events in CC by utilizing The Cancer Genome Atlas (TCGA) spliceseq data set (<http://bioinformatics.mdanderson.org/TCGASpliceSeq/>) (Supplementary Fig. [S3a](#MOESM5){ref-type="media"}) \[[@CR21]\]. In CC, 3137 AS events were related to SRSF10 expression, which were essentially the inclusion or exclusion of alternative exons (Supplementary Fig. [S3b](#MOESM5){ref-type="media"}) \[[@CR22]\]. As SRSF10 acts as a sequence-dependent splicing modulator, we next analyzed the overlapped AS genes of the CC cell line CLIP-seq data and TCGA spliceseq data to identify SRSF10-affected AS events in a position-dependent manner (Supplementary Fig. [S3c](#MOESM5){ref-type="media"}) \[[@CR22], [@CR23]\]. Further Reactome analysis revealed that the 1149 SRSF10-affected AS genes were mainly involved in the gene expression, cancer-related cell cycle and immunity function process (Supplementary Fig. [S3d](#MOESM5){ref-type="media"}).

Among those AS genes, IL1RAP came into our notice, whose dysregulation was associated with inflammation and the prognosis of hematological malignant tumors and solid tumors \[[@CR24], [@CR25]\]. The splice variant formed by an alternative terminator in exon 10.2 generates the 356-amino-acid-long soluble form of IL1RAP, sIL1RAP, which lacks the transmembrane and intracellular domain, whereas the splice variant derived from terminator in exon 13 encodes the 570-amino-acid membrane form of IL1RAP, mIL1RAP, which forms a complex with interleukin (IL)-1/IL-1RI to initiate IL-1β signal transduction (Supplementary Fig. [S4](#MOESM6){ref-type="media"}) \[[@CR26]\]. The increased alternate terminator (AT) of 13 exon and decreased AT of 10.2 exon were observed in the SRSF10-high group compared with the SRSF10-low group (Fig. [4a, b](#Fig4){ref-type="fig"}), suggesting that SRSF10 may promote the expression of mIL1RAP while inhibiting the production of sIL1RAP.Fig. 4SRSF10 promotes the generation of mIL1RAP in CC. (**a**, **b** Quantification of AT of IL1RAP exon 13 and 10.2 in the high SRSF10 group (*n* = 20) and low SRSF10 group (*n* = 20) in the TCGA CESC data set (described in Supplementary Fig. [S2A](#MOESM4){ref-type="media"}) measured as the PSI (percent splicing index). **c**, **d** Schematic diagram of RNA-seq reads covering SRSF10 exons 10.2--14 in shSRSF10 and control shRNA CC cells. In the merged diagram, reads of control shRNA are showed as orange, shSRSF10 as blue and overlap as purple. The arrow showed the exclusion of exon 13 after SRSF10 knockdown. **e**, **f** The AS of mIL1RAP and sIL1RAP affected by SRSF10 knockdown were examined in Ms751 and SiHa cells. Ms751 and SiHa cells were transiently transfected with either SRSF10-knockdown siRNAs (siSRSF10-1, siSRSF10-2) or control siRNA. RNAs extracted from siSRSF10 and control siRNA cells were examined by RT-PCR. **g--j** The correlation analysis between SRSF10 and mIL1RAP or sIL1RAP was observed in CC samples of GSE26511 (*n* = 28) and GSE7803 (*n* = 21). **k** In vitro CLIP from SiHa cells with primer pairs complementary to human IL1RAP exon 13 by RT-PCR. Siha cells were transiently transfected with either HA-tagged SRSF10 (SRSF10-HA) or empty-vector control (Vector-HA). \**P \< *0.05; \*\**P \< *0.01; \*\*\**P \< *0.001

As an initial test for verification, we examined the effects of SRSF10 knockdown on the splicing of IL1RAP in CC cells by RNA-seq analysis. There was a exclusion of exon 13 after SRSF10 knockdown, whereas no remakable changes were observed in exon 10.2 (Fig. [4c, d](#Fig4){ref-type="fig"}). This results indicate that the inclusion of exon 13 was regulated by SRSF10, whereas the regulation of SRSF10 on exon 10.2 might be slight. Consistently, further RT-PCR confirmed that the expression of mIL1RAP was significantly downregulated after SRSF10 knockdown, whereas there were no significant differences in the changes in sIL1RAP expression (Fig. [4e, f](#Fig4){ref-type="fig"}). In addition, there was a positive correlation between SRSF10 and mIL1RAP expression, while no correlation was observed between SRSF10 and sIL1RAP in clinical CC samples (Fig. [4g--j](#Fig4){ref-type="fig"}). Thus, we verified that SRSF10 is a main splicing regulator of mIL1RAP in CC. Next, we tried to demonstrate whether SRSF10 facilitate the production of mIL1RAP in a position-dependent manner by directly binding to IL1RAP exon 13. After transiently overexpressing hemagglutinin (HA)-tagged SRSF10 complementary DNA in SiHa cells, in vitro CLIP-PCR analysis was performed with primer pairs specific for the alternative exon 13 of IL1RAP. As shown in Fig. [4k](#Fig4){ref-type="fig"}, SRSF10 bound to exon 13 compared with the empty-vector control, consistent with the reported position-dependent splicing regulation effect of SRSF10. Taken together, mIL1RAP is a direct splicing target regulated by SRSF10.

Dysregulated mIL1RAP participates in the tumorigenic potential of SRSF10 in CC {#Sec7}
------------------------------------------------------------------------------

As SRSF10 promotes the production of mIL1RAP, we next evaluated whether the expression of mIL1RAP is upregulated in CC. *In silico* analysis of GEO and Oncomine data sets showed that the expression of mIL1RAP was increased in CC tissues compared with normal tissues (Fig. [5a, b](#Fig5){ref-type="fig"} and Supplementary Fig. [S5a--c](#MOESM7){ref-type="media"}). Further RT-PCR verification revealed a consistent increase of mIL1RAP expression in 10 CC tissues compared to their corresponding adjacent non-cancerous tissues (Fig. [5c](#Fig5){ref-type="fig"}). In addition, mIL1RAP expression was much higher in HPV16/18-positive CCs than in HPV-negative ones (Supplementary Fig. [S5d](#MOESM7){ref-type="media"}). Hence, these observations suggest that mIL1RAP overexpression might be involved in CC development. Accordingly, the role of mIL1RAP in CC was then examined using Ms751 and SiHa xenografts in nude mice by designing a shRNA targeted against the C terminus for isoform-specific knockdown of mIL1RAP (Fig. [5d](#Fig5){ref-type="fig"} and Supplementary Fig. [S6a](#MOESM8){ref-type="media"}). Knockdown of mIL1RAP caused a significant decrease in tumor growth rate and tumor weight (Fig. [5e, f](#Fig5){ref-type="fig"} and Supplementary Fig. [S6b, c](#MOESM8){ref-type="media"}). Overall, these data infer that dysregulated mIL1RAP contributes to the development of CC.Fig. 5MIL1RAP participates in SRSF10-mediated CC tumorigenesis. **a** Analysis of mIL1RAP mRNA levels in normal cervical tissues and CCs in GSE9750 indicated in Fig. [2a.](#Fig2){ref-type="fig"} **b** Analysis of mIL1RAP mRNA levels in normal cervical tissues, CINs, and CCs in GSE7803 indicated in Fig. [2c](#Fig2){ref-type="fig"}. **c** MIL1RAP expression was examined by RT-PCR in 10 pairs of human CC and adjacent non-cancerous tissues. sIL1RAP was detected as a control. **d** Ms751 cells were infected with either retrovirus expressing mIL1RAP-knockdown shRNA (shmIL1RAP) or control shRNA and selected for puromycin resistance. Stable Ms751 cells were injected into nude mice which were randomly divided into two groups (*n* = 6). Mice were killed at 5 weeks after injection. Tumors were excised from the mice and weighed (scale bar: 1 cm). **e** Results are shown as mean ± s.d. of the tumor weight. **f** Time-course of xenograft growth. Tumor volumes of the mice described in **d** were measured every week. Each point represents the mean ± s.d. of the tumors. **g** Ms751/shSRSF10 or shRNA control cells were transfected with either retrovirus expressing mIL1RAP or empty-vector control (vector). Stable Ms751 cells were injected into nude mice which were randomly divided into three groups (*n* = 6, scale bar: 1 cm). **h** Results are shown as mean ± s.d. of the tumor weight. **i** Time-course of xenograft growth. The tumor volumes of mice described in **g** were measured every week. Each point represents the mean ± s.d. of the tumors. \**P \< *0.05; \*\**P \< *0.01; \*\*\**P \< *0.001

As our experiments demonstrated mIL1RAP was a direct target of SRSF10, we next asked whether mIL1RAP participates in the oncogenic role of SRSF10 in CC. To this end, mIL1RAP was stably induced into SRSF10-knockdown CC cells to observe whether re-expression of mIL1RAP could rescue the reduced tumorigenesis of SRSF10-knockdown cells in vivo. Exhilaratingly, overexpression of mIL1RAP significantly reduced the inhibitory effects of shSRSF10 on CC growth (Fig. [5g--i](#Fig5){ref-type="fig"} and Supplementary Fig. [S6d-f](#MOESM8){ref-type="media"}), underscoring the cancerigenic function of SRSF10-mediated mIL1RAP in CC.

SRSF10-mediated mIL1RAP-NF-κB axis upregulates the "don't eat me" signal CD47 in CC {#Sec8}
-----------------------------------------------------------------------------------

IL1RAP is indispensable for IL-1β signal transduction and IL-1β level is increased in CC (Supplementary Fig. [S7](#MOESM9){ref-type="media"}) \[[@CR27]\]. IL-1β strongly elicit activation of transcription factor NF-κB \[[@CR28], [@CR29]\], which has a pivotal role in driving the progression of inflammation to cancer \[[@CR30], [@CR31]\]. Thus, we logically tested whether SRSF10-mediated mIL1RAP promote CC progression by regulating IL-1β-induced NF-κB activation. As predicted, the luciferase reporter assays showed that overexpression of SRSF10 potentiated IL-1β-induced NF-κB activation, whereas knockdown of SRSF10 markedly inhibited IL-1β-induced NF-κB activation (Fig. [6a, b, d, e](#Fig6){ref-type="fig"}). More intriguingly, overexpression of mIL1RAP could rescue the diminished NF-κB activation of SRSF10-knockdown cells (Fig. [6d, e](#Fig6){ref-type="fig"}). Consistently, overexpression of SRSF10 increased the phosphorylation of IκBα and p65, whereas SRSF10-knockdown repressed the the expressions of p-IκBα and p-p65, which were rescued by re-expression of mIL1RAP (Fig. [6c, f](#Fig6){ref-type="fig"}). Together, these results indicate that SRSF10-mediated mIL1RAP promotes the IL-1β-induced NF-κB activation in CC.Fig. 6SRSF10-mediated mIL1RAP upregulates the expression of CD47 via promoting IL-1β-induced NF-κB activation. **a**, **b** Identification of SRSF10 as an enhancer of IL-1β-induced NF-κB activation by luciferase reporter assay. Ms751 and SiHa cells were infected with either retrovirus expressing SRSF10 or empty-vector control (vector), then the cells were further transfected with NF-κB luciferase reporter. A total of 20 h after transfection, cells were treated with IL-1β (10 ng/mL) or left untreated for 8 h before reporter assays. **c** Western blot analysis of p-IκBα, IκBα, p-NF-κB p65, NF-κB p65, and CD47 was performed in Ms751 and SiHa cells indicated in **a**, **b**. Cells were treated with IL-1β (10 ng/mL) for 8 h. **d**, **e** Luciferase reporter assay to detect the effect of SRSF10-mediated mIL1RAP on IL-1β-induced NF-κB activation. Ms751 and SiHa cells were infected with either retrovirus expressing mIL1RAP or control vector, then the cells were further transfected with SRSF10-RNAi (siSRSF10-1, siSRSF10-2) or control siRNA for 36 h before NF-κB luciferase reporter transfection. Cells were treated with IL-1β indicated in **a**. **f** Western blot analysis for NF-κB activation and CD47 expression was performed in Ms751 and SiHa cells indicated in Fig. [5g](#Fig5){ref-type="fig"} and Supplementary Fig. [S6d](#MOESM6){ref-type="media"}. Cells were treated with IL-1β(10 ng/mL) for 8 h. **g** The sketch map of primers for CD47 promoter sequences. Ten primer sets with a 300-bp partition were designed for PCR to test the direct binding of p65 to the CD47 promoter and the primer pairs produced 10 fragments of 300 bp. **h** The chromatin DNA of Ms751 and SiHa cells was chromatinimmunoprecipitated (ChIP) with p65 antibody. Sonicated input DNA and IgG was used as control. Amplification of the CD47 promoter sequence from ChIP DNA validated the binding of p65 to CD47 promoter site 4 and 8. **i** Western blot analysis was performed to detect the regulation of p65-knockdown on CD47 expression. Ms751 and SiHa cells were transfected with p65-RNAi or control siRNA. **j** NF-κB activation upregulated the expression of CD47 as detected by western blot. IL-1β was used as a stimulator of NF-κB. Ms751 and SiHa cells were treated with IL-1β as indicated in **a**. **k** IHC staining of SRSF10 and CD47 in tumors from Ms751 cell xenograft nude mice indicated in Fig. [5g](#Fig5){ref-type="fig"} (scale bar: 200 µm). \**P \< *0.05; \*\* *P \< *0.01; \*\*\**P \< *0.001

As cancer immunity is involved in SRSF10-regulated tumorigenesis (Supplementary Fig. [S3d](#MOESM5){ref-type="media"}), we further explored whether SRSF10-mediated mIL1RAP-NF-κB signaling contributes to CC progression by regulating the expression of immune molecules. After a primary prediction using the JASPAR websites, we focused on CD47 as a potential target of NF-κB p65. CD47 is a cell surface glycoprotein that inhibits phagocytosis by binding to signal regulatory protein alpha on macrophages. In this way, CD47 serves as a "don't eat me\" signal. Thus, when CD47 protein is expressed on the surface of solid tumor cells, it serves as a potent signal to escape from immune surveillance. Therefore, blocking CD47 with antibody turns off "don't eat me" signal and favors phagocytosis, being expected to be an efficacious treatment for tumors \[[@CR32]\]. The ChIP-PCR confirmed that p65 could bind to CD47 promoter site 4 and 8 in both Ms751 and SiHa cells (Fig. [6g, h](#Fig6){ref-type="fig"}). To verify the regulatory role of p65 on CD47 expression, siRNAs targeted against p65 were used. As shown in Fig. [6i](#Fig6){ref-type="fig"}, p65-knockdown significantly downregulated CD47 expression in CC cells. Conversely, after activating p65 upon treatment of CC cells with the NF-κB stimulator, IL-1β, the expression of CD47 was upregulated (Fig. [6j](#Fig6){ref-type="fig"}). Collectively, these results demonstrate the direct transcriptional regulatory role of p65 on CD47.

Furthermore, SRSF10 knockdown caused a significant decrease in CD47 expression in both CC cells, but overexpression of mIL1RAP could rescue the diminished CD47 expression (Fig. [6f, k](#Fig6){ref-type="fig"}). Inversely, the expression of CD47 was upregulated after SRSF10 overexpression (Fig. [6c](#Fig6){ref-type="fig"}). *In vitro* phagocytosis assays also showed that phagocytosis was increased in SRSF10-knockdown cells, which was rescued by re-expression of mIL1RAP. Conversely, overexpression of SRSF10 decreased the phagocytosis of macrophages (Supplementary Fig. [S8](#MOESM10){ref-type="media"}). Hence, these observation imply that SRSF10-mediated mIL1RAP upregulate the "don't eat me" signal CD47 via promoting IL-1β-induced NF-κB activation to in CC.

The expression of CD47 is significantly upregulated and positively correlated to SRSF10 in clinical CC samples {#Sec9}
--------------------------------------------------------------------------------------------------------------

We next asked whether CD47 expression is upregulated in clinical CC samples. The Oncomine and GSE9750 data sets showed a remarkable increase in CD47 mRNA levels in CC tissues compared with normal tissues (Fig. [7a--c](#Fig7){ref-type="fig"}). The upregulation of CD47 was associated with HPV16/18 infection (Fig. [7d](#Fig7){ref-type="fig"}). To provide more evidence, the protein level of CD47 was examined in the above CC tissue array by IHC. As shown in Figs. [7e, f](#Fig7){ref-type="fig"}, the expression levels of CD47 were increased with the malignant transformation from normal cervical epithelia to CINs to CCs. Significantly, a positive correlation was observed between the expression of SRSF10 and CD47 (Fig. [7g, h](#Fig7){ref-type="fig"}). A similar correlation was also observed at the mRNA level between SRSF10 and CD47 in clinical CC samples (Fig. [7i--l](#Fig7){ref-type="fig"}). To sum up, these results indicate that SRSF10 promotes CC tumorigenesis partly through modulating the mIL1RAP-NF-κB axis to upregulate the "don't eat me" signal CD47.Fig. 7Increased CD47 parallels SRSF10 expression in CC. Analyses of CD47 mRNA levels in normal cervical tissues and CC in the published **a** Biewenga Cervix data set, **b** Pyeon Multi-cancer data set and **c** GSE9750. **d** Box plots comparing CD47 mRNA levels in HPV-negative CCs and HPV 16/18-positive CCs in the published Scotto Cervix dataset from Oncomine. **e** Representative photographs of CD47 immunoreactivity in normal tissue, CIN, and CCs in TMA (scale bar: 200 μm). **f** The constituent ratio of CD47 expression assessed by blinded IHC analyses in normal tissues, CINs and CCs indicated in Fig. [2e](#Fig2){ref-type="fig"}. **g** Representative photographs of the SRSF10 and CD47 immunoreactivity in the same samples (scale bar: 200 μm). **h** The correlation of CD47 and SRSF10 protein levels in CC. **i--l** A positive correlation between the expression levels of CD47 and SRSF10 was observed in four independent CC data sets. \**P \< *0.05; \*\**P \< *0.01; \*\*\**P \< *0.001

Discussion {#Sec10}
==========

In this study, we identified SRSF10, a splicing factor, is significantly increased and necessary for the tumorigenic capacity of HPV16/18-positive CC. High-risk human papillomavirus (HR-HPV) viral oncoproteins E6E7 activate the expression of SRSF10 via the transcription factor E2F1. SRSF10 facilitates the production of mIL1RAP by modulating AS of IL1RAP exon 13. SRSF10-mediated mIL1RAP promotes the IL-1β-induced NF-κB activation, which initiates the transcription of the "don't eat me" signal CD47 to avoid elimination by macrophage phagocytosis. There was a significant correlation among SRSF10, mIL1RAP and CD47 expression in clinical CC tissues, further supporting the regulatory axis of SRSF10, mIL1RAP and CD47. Thus, this study shows the close relationship among AS, inflammatory molecules and immune surveillance in HPV16/18-positive tumorigenesis (Fig. [8](#Fig8){ref-type="fig"}).Fig. 8Model of the SRSF10-regulated mIL1RAP-NF-κB axis upregulating the "don't eat me" signal CD47 in HPV16/18-positive CC

HR-HPV E6E7 oncoproteins are considered the major etiologic contributor to CC carcinogenesis, but they are not sufficient for full malignant transformation. Other risk elements, such as hormones, the environment, and immunology, have also been considered \[[@CR33], [@CR34]\]. However, aberrant AS, which elicits control over the major hallmarks of cancer \[[@CR8], [@CR12]\], has not been explored in CC. Do E6 and E7 influence AS? Does AS act as an "accomplice" of E6E7 in CC progression? Hence, we explored the oncogenic effects of E6E7 from the perspective of AS. Microarray and bioinformatics analyses have provided strong evidence that E6E7 regulates the expression of splicing factors and the most remarkable changed splicing factor is SRSF10. SRSF10 was transcriptionally activated via the E6E7-E2F1 axis, and knockdown of SRSF10 demonstrated its essential role in CC tumorigenesis. SRSF10 is a splicing regulator of the SR protein family, which can function both positively and negatively in regulating exon inclusion depending on its binding locations with the pre-mRNA \[[@CR22], [@CR23], [@CR35]\]. Previous studies have shown that SRSF10 is upregulated in colorectal cancer as a key regulator of BCLAF1 pre-mRNA splicing and thus maintaining the oncogenic phenotype of colon cancer cells \[[@CR36], [@CR37]\]. In addition, the expression and distribution of SRSF10 are developmentally and hormonally regulated and increased in endometrial carcinomas as well as ovarian cancers, supporting its potential involvement in uterine development and tumorigenesis \[[@CR38]\]. Here, our study infered the oncogenic role of SRSF10.

CC is an inflammation-related tumor and inflammation could be considered a co-factor in CC progression by promoting cell proliferation and metastasis, inhibiting apoptosis and secreting immune suppressors \[[@CR39]\]. The interplay of viral oncoproteins and inflammatory factors may lead to the development of persistent infection by continuous immune evasion, which promotes lesion progression and ultimately malignancy \[[@CR40]\]. Cancer cells can directly produce IL-1β, and the IL-1β-NF-κB inflammatory pathway promotes the progression of multiple tumor types \[[@CR41]\]. The level of IL-1β is upregulated in CC and IL1RAP is indispensable for the transmission of IL-1β-NF-κB inflammation signaling \[[@CR42]\]. IL1RAP is associated with the prognosis of myeloid leukemia and head and neck squamous cell carcinoma patients and antibodies targeting IL1RAP showed therapeutic effects in xenograft models of myeloid leukemia \[[@CR43]\]. Unfortunately, the splicing regulation mechanism of IL1RAP remains little-understood. Here, we identified AS of IL1RAP exon 13 as a direct SRSF10 target via transcriptome analysis as well as CLIP and PCR validation. Consistent with SRSF10, mIL1RAP was upregulated and promoted the carcinogenesis capacity of CC. However, the splicing regulation on IL1RAP exon 10.2 is slight, which emphasizes the complicacy of AS regulation in vivo. Most AS events are likely regulated by multiple splicing factors acting synergistically or antagonistically \[[@CR5]\]. Thus, from the splicing regulation of SRSF10 on IL1RAP, our study revealed the function of mIL1RAP in CC and the interaction between AS and inflammatory pathways in cancer.

NF-κB activation was identified as a key modulator in driving inflammation to cancer \[[@CR44]\], and many studies have reported that NF-κB is a major factor promoting the malignant conversion and progression of CC cells \[[@CR45], [@CR46]\]. Proverbially, the malignant features of cancer cells can not be manifested without an important interplay between cancer cells and their local environment \[[@CR47]\]. Thus, in the clinical setting the manipulation of the tumor microenvironment to encapsulate or destroy cancer cells could be used as an approach to prevent as well as treat cancer \[[@CR48]\]. Here, from a tumor microenvironment perspective, we found that SRSF10-mIL1RAP axis promotes IL-1β-induced NF-κB activation to upregulate the "don't eat me" signal CD47, thus avoiding macrophage phagocytosis. Macrophages act as corrupted policemen and lead to immune escape. Recent studies showed that NF-κB directly regulates CD47 expression in hepatocellular cancer, further supporting our findings \[[@CR49]\]. Together, these results indicate that NF-κB provides a mechanistic link between SRSF10-mediated mIL1RAP splicing and cancer immune microenvironment.

The study suggests the cancer-promoting function and the therapeutic potential of mIL1RAP and CD47 in CC. Encouragingly, in vivo administration of IL1RAP or CD47 antibodies in mice transplanted with tumor cells has provided therapeutic effects \[[@CR32]\] and the clinical trials for intratumoral injections of anti-CD47 drug TTI-621 and chimeric antigen receptor T-cell immunotherapy targeting IL1RAP are recruiting (NCT02890368, NCT02842320), so it will also be interesting to explore and develop an mIL1RAP isoform-specific blocker or CD47 targeted therapy for CC. Besides, our study only shows an example of mechanistic link among HPV infection, alternative splicing and CC. Beyond the involvement of the mIL1RAP-NF-κB-CD47 axis, other SRSF10-regulated splicing targets can also be implicated in the cancer-promoting function of SRSF10. Future studies are required to investigate the roles of these splice isoforms in CC development. Certainly, SRSF10 is only a representation of numerous splicing factors, the biological functions and clinical values of which merit further investigations. AS orchestrates interactions between various types of proteins and between proteins and nucleic acids. Evaluation of AS events in tumor can be used to identify novel disease markers and drug-sensitive targets to overcome the limits of the small molecule inhibitors currently used for treating patients with tumor \[[@CR50]\]. The use of aberrant splicing as disease markers has been reported, however, little is known about the use of splicing abnormalities as drug targets in tumor. Therefore, to develop a potential therapeutic approaches that can be used to target splicing abnormalities or splicing regulators is the direction of our endeavor.

In summary, we have demonstrated the tumorigenic roles of SRSF10 and mIL1RAP by promoting IL-1β-induced NF-κB activation to upregulate the expression of CD47. Consequently, our study reveals the close relationship among HPV infection, alternative splicing and tumor microenvironment, and it establishes SRSF10-mIL1RAP-CD47 as a potential therapeutic target for CC.

Materials and methods {#Sec11}
=====================

Cell culture and transfection {#Sec12}
-----------------------------

Human cervical cancer MS751, SiHa, and embryonic kidney 293T cell lines were cultured in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). Human cervical cancer Caski and promonocytic THP1 cell lines were cultured in RPMI 1640 containing 10% FBS, 2 mM glutamine and 1% P/S. All cells were incubated at 37℃ in a humidified atmosphere containing 5% CO~2~.

SiRNA targeting against different genes were purchased from Gene Pharma (Shanghai, China) and the sequences are listed in Supplementary Table [S2](#MOESM1){ref-type="media"}, respectively. SiRNA transfection was performed using LipofectamineRNAiMAX (13778150, Invitrogen, Carlsbad, CA, USA). ShSRSF10 and shmIL1RAP retroviruses were generated with PLKO-puro lentiviral vectors in 293T cells. Lentivirus-expressing SRSF10 or mIL1RAP was generated with pCDH-neo lentiviral vectors in 293T cells. Ms751 and SiHa cells were infected with lentivirus and selected for puromycin or neomycin resistance.

Human CC samples and tissue microarray {#Sec13}
--------------------------------------

Ten pairs of primary CC and their corresponding adjacent non-cancerous tissues were obtained from CC patients treated at Shanghai Jiao Tong Affiliated Sixth People's Hospital after receiving their informed consent. Fresh samples were snap-frozen in liquid nitrogen and used for RT-PCR analysis. Tissue microarrays containing 15 normal cervical epithelia, 51 CINs and 95 CC were purchased from Superbiotek (Shanghai, China), used for immunohistochemistry (IHC) and IHC score analysis.

Quantitative real-time PCR (qPCR) {#Sec14}
---------------------------------

Total RNAs were extracted using RNAiso reagent (9109, Takara, Dalian, China). Reversed-transcription was performed as described \[[@CR51]\]. All primers are listed in Supplementary Table [S3](#MOESM1){ref-type="media"}.

Western blot {#Sec15}
------------

Western blot analysis was performed as described \[[@CR51]\]. Antibodies used were mouse anti-GAPDH (1:10000, ab8245), anti-SRSF10 (1:1000, ab77209), rabbit anti-E2F1 (1:1000, ab179445), anti-CD47 (1:1000, ab175388) from Abcam (Cambridge, UK), anti-IκBα (1:1000, 4814), anti-Phospho-IκBα (1:1000, 9246), anti-NF-κB p65 (1:1000, 8242), anti-Phospho-NF-κB p65 (1:1000, 3033) from Cell Signaling Technology (Danvers, MA, USA).

Immunohistochemistry {#Sec16}
--------------------

Immunohistochemistry (IHC) was performed as previously reported \[[@CR51]\]. Anti-SRSF10 (1:200, GTX47232, GeneTex, San Antonio, USA) or anti-CD47 (1:100, ab175388, Abcam) antibodies were used. Each tumor was assigned with a score according to the intensity of the nuclei or cytoplasm staining (0 = no staining, 1 = weak staining, 2 = moderate staining, and 3 = strong staining) and the proportion of stained tumor cells (0 = 0%, 1 = 1--10%, 2 = 11--50%, 3 = 51--80%, and 4 = 81--100%), as judged independently by two pathologists in a blinded manner. The final immunoreactive score was determined by multiplying the intensity scores by the extent of positivity scores of stained cells, with "−" for a score of 0, "+" for a score of 1--4, "++" for a score of 5--8 and "+++" for a score of 9--12. Tumors with scores ≥5 were classified into the high expression group, whereas the others were classified into the low expression group.

ChIP and RNA immunoprecipitation {#Sec17}
--------------------------------

ChIP assays were performed as previously reported \[[@CR52]\]. Antibodies against E2F1 (1:50, ab179445, Abcam) and NF-κB p65 (1:1000, ab19870, Abcam) were used for IP. The primers used for the ChIP assay are listed in Supplementary Table [S4](#MOESM1){ref-type="media"}.

HA-tagged SRSF10 plasmid or empty vector was transiently transfected into MS751 cells, and IP was performed with anti-HA antibody (5 µg per reaction, SAB1411733, Sigma-Aldrich)-coupled protein A/G magnetic beads (50 µg per reaction) using the Magna RIP kit (Millipore). RNA was extracted from the immunoprecipitate and reverse-transcribed into cDNA for PCR detection. RNA enrichment was measured by RT-PCR with primers specific for IL1RAP exon13. The details of the primer sequences are provided in Supplementary Table [S5](#MOESM1){ref-type="media"}.

Luciferase reporter assay {#Sec18}
-------------------------

Luciferase reporter plasmids containing wild-type and mutant SRSF10 promoters were constructed in the pGL3B plasmid and verified for the dual luciferase reporter assay. NF-κB luciferase reporter plasmid was purchased from genomeditech (Shanghai, China). Cells were lysed 48 h post transfection with passive lysis buffer using the dual luciferase assay kit (E1910, E1960, Promega, Madison, WI, USA). Luciferase activity was tested with a luminometer. The results are expressed as the ration of the luciferase value to the Renilla value.

Phagocytosis assay {#Sec19}
------------------

THP1 cells were differentiated into macrophages by incubation with PMA (100 ng/mL, P1585, Sigma-Aldrich) for 48 h and then plated (2 × 10^5^ per well) in a six-well tissue-culture plate 24 h before the experiment. For in vitro phagocytosis assay, similarly to previously described \[[@CR53], [@CR54]\], macrophages were labled with 1 μM Cell Proliferation Dye eFluor 670 (65--0840, ThermoFisher Scientific, Carlsbad, CA, USA) and CC cells were stained with 0.25 μM carboxyfluorescein succinimidyl ester (CFSE) (C34570, ThermoFisher Scientific, Carlsbad, CA, USA) according to the manufacturer's protocol. Macrophages were incubated in serum-free medium for 2 h before adding 8 × 10^5^ CFSE-labeled CC cells. After co-culture for 3 h at 37 ℃, the cells were harvested and flow cytometry (LSRFortessa, BD Biosciences) was performed. A total of 2 × 10^5^ cells in each sample were analyzed. Unstained control and single stained cells were prepared for gating. The phagocytosis was calculated as the percentage of macrophages engulfing tumor cells \[670+CFSE+cells (Q2)\] among total macrophages \[670+cells (Q1+Q2)\] and normalized to the result obtained from the control shRNA+vector group.

Xenograft assays {#Sec20}
----------------

Xenograft model was built as previously described \[[@CR55]\]. All mice were killed at day 35, and the xenograft was stripped out and weighed for further analysis.

Microarray experiment and RNA-seq {#Sec21}
---------------------------------

Microarray experiment were performed as previously described \[[@CR15]\]. For RNA-seq, total RNAs isolated from Ms751 and SiHa cells transfected with siSRSF10 or control siRNA were subjected to RNA-seq using Illumia Hiseq 2000 system. Reads were mapped to a reference human genome and transcriptome using Tophat.

TCGA spliceseq data analysis {#Sec22}
----------------------------

According to the SRSF10 expression, 40 TCGA CC samples were divided into the high SRSF10 expression group (*n* = 20) and the low SRSF10 expression group (*n* = 20) to explore the AS events related to SRSF10 in CC. To quantify the possible SRSF10-related splice events, the percent spliced in index (PSI) was calculated \[[@CR21]\]. PSI is the ratio of normalized read counts indicating inclusion of a transcript element over the total normalized reads for that event (both inclusion and exclusion reads). The PSI data were downloaded from the TCGA spliceseq database (<http://bioinformatics.mdanderson.org/TCGASpliceSeq/>) and the differential AS events related to SRSF10 in CC were screened with threshold values: \|ΔPSI \|≥0.2.

Statistics {#Sec23}
----------

Statistical analyses and graphical representations were performed using SPSS 20.0 (Chicago, USA) and GraphPad Prism 7 (San Diego, USA) software. All data presented as histograms refer to the mean ± s.d. of the total number of independent experiments. Statistical analysis was performed using the Student's *t*-test for two groups or ANOVA for multiple groups. Spearman rank correlation test was used to analyze the correlation between two parameters. *P* \< 0.05 was considered statistically significant.
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